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In condensed matter systems, chiral topological nodes are robust band 
crossing points in momentum space that carry nonzero Chern numbers. The 
chirality is manifested by the presence of surface Fermi arcs connecting the 
projections of nodes with opposite Chern numbers1. In addition to the 
well-known Weyl nodes1-4, theorists have proposed several other types of chiral 
topological nodes in condensed matter systems5-10, but the direct experimental 
evidence of their existence is still lacking. Here, using angle-resolved 
photoemission spectroscopy, we reveal two types of new chiral nodes, namely the 
spin-1 nodes and charge-2 Dirac nodes, at the band crossing points near the 
Fermi level in CoSi, the projections of which on the (001) surface are connected 
by surface Fermi arcs. As these chiral nodes in CoSi are enforced at the Brillouin 
zone (BZ) center and corner by the crystalline symmetries, the surface Fermi 
arcs connecting their projections form a non-contractible path traversing the 
entire (001) surface BZ, in sharp contrast to pairs of Weyl points with small 
separation. Our work marks the first experimental observation of chiral nodes 
beyond the Weyl nodes both in the bulk and on the surface in condensed matter 
systems. 
In high-energy physics, there are three types of fermionic particles, i.e. Dirac, 
Weyl and Majorana fermions, predicted by the Standard Model based on the Poincaré 
group in the universe. Condensed matter systems can realize a variety of fermionic 
quasiparticles at topological nodes: robust band crossing points protected from being 
gapped by nontrivial band topology1-18, which have or not have analogues in 
high-energy physics. Angle-resolved photoemission spectroscopy (ARPES) 
experiments have verified three types of topological nodes, i.e., Weyl nodes19-23, 
Dirac nodes24,25, and the three-fold degenerate nodes26,27. The Weyl nodes appear at 
linear crossings of two non-degenerate bands and carry nonzero Chern number C = ±1. 
The nonzero Chern number makes Weyl nodes the pristine chiral topological nodes, 
and also necessitates the presence of exotic helicoid surface states having “Fermi arcs” 
as their equal-energy contour. 
Aside from Weyl nodes, theorists have proposed more exotic chiral topological 
nodes, such as double-Weyl nodes with quadratic band crossing5, three-component 
spin-1 nodes6-8, charge-2 Dirac nodes and spin-3/2 Rarita-Schwinger-Weyl nodes 
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with four-fold degeneracy7-10, and double-spin-1 nodes with six-fold degeneracy8-10. 
Although first-principles calculations have proposed these unconventional chiral 
nodes in numerous materials5-10, so far experimental evidence is still wanted. In this 
work, we have experimentally verified the chiral spin-1 nodes and charge-2 Dirac 
nodes in the transition metal silicide CoSi by investigating its electronic band 
structures of both bulk and surface states with systematic ARPES measurements.  
Figure 1a illustrates the crystal structure of CoSi, in which each Co atom is 
bonded with six Si atoms and vice versa. They form a simple cubic structure of a 
lattice constant a = 4.445 Å with space group P213 (No. 198). The corresponding BZ 
in Fig. 1b is also simple cubic with four high-symmetry momenta Γ, X, M, and R. 
First-principles calculations8 have shown that the band structure has a three-fold 
degenerate point at Γ and a four-fold degenerate point at R near the Fermi level (EF) 
(Fig. 1e), when spin-orbit coupling (SOC) is not considered. Similar degenerate 
points have also been identified in the calculated phonon spectra of CoSi (ref. 7). 
While considering SOC, the bands split due to the absence of inversion symmetry. 
However, the band splitting is of the order of meV because of weak SOC strength on 
the Co 3d and Si 3p orbitals11. Thus the SOC effects can be ignored in experimental 
work.  
The quasiparticle excitations at the three-fold and four-fold degenerate points in 
CoSi are described as chiral spin-1 node and charge-2 Dirac node, respectively. They 
carry nonzero Chern numbers ±2 (refs. 7,8), which are distinct from the experimental 
verified three-fold degenerate nodes26,27 and normal four-fold Dirac nodes24,25. 
According to the no-go theorem, the spin-1 and charge-2 points in CoSi must have 
opposite Chern numbers. It is expected to have two surface Fermi arcs connecting 
their projections on certain surfaces. Considering the band structure of CoSi, the 
Fermi arcs should lie in the gap between the bands #2 and #3. As shown in Fig. 1c,e, 
the bands #2 and #3 form the hole- and electron-like Fermi surfaces (FSs) that enclose 
the spin-1 and charge-2 points, respectively, leaving a large direct gap between them 
in the regions other than the FSs. This is important for observation of surface Fermi 
arcs at EF.  
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As illustrated in Fig. 1d, the spin-1 and charge-2 points in CoSi are projected 
onto the surface BZ center and corner, respectively, on the (001) surface. The Fermi 
arcs connecting them traverse a distance of ~1 Å-1, which is more than ten times 
larger than those in the Weyl semimetals TaAs (refs. 19-21) and MoTe2 (refs. 22,23). 
Moreover, the Weyl points can shift with external conditions, such as the SOC 
strength, lattice constants, and atom positions etc, and even merge together, leading to 
annihilation of Weyl nodes. By contrast, the spin-1 and charge-2 points in CoSi are 
enforced at the high-symmetry momenta Γ and R by the little group symmetries with 
three- and four-dimensional irreducible representations, respectively7,8.  
Since the Co and Si atoms are strongly bonded by multiple covalent bonds in 
three dimensions, it is almost infeasible to obtain atomically flat surfaces by cleaving 
the single crystals. We thus tried to polish the surfaces of single crystals, and then 
repeatedly sputter and anneal the polished surfaces in vacuum. Eventually, we 
attained atomically flat (111) and (001) surfaces, as manifested by clear RHEED 
patterns in the insets of Fig. 1g,h.  
We observed clear band dispersions in the ARPES measurements on these 
surfaces. The ARPES data collected on the (111) surface are summarized in Fig. 2. 
By varying the photon energy (hν) from 325 to 580 eV, we obtain the band 
dispersions along Γ-R, which is normal to the (111) surface, as shown in Fig. 2d. We 
observed two hole-like bands around Γ in the energy range within 0.5 eV below EF. 
The two bands degenerate with an electron-like band at R. We further investigated the 
in-plane band structure on the (111) surface with hν = 435 eV, which measures the 
momentum plane containing the R and X points, as illustrated in Fig. 2a,b. We 
observed a circular FS patch at R in Fig. 2c, which arises from the electron-like band 
shown in Fig. 2e,f. The electron-like band degenerates with a relatively flat band at 
~0.2 eV below EF at R in Fig. 2e,f. All the observations are consistent with the 
calculated bulk band structures, except that the splitting of the electron-like band 
along Γ-R is not resolved.  
Next we focus on the APRES results taken on the (001) surface of CoSi. In the 
ARPES experiments on the (001) surface, we used soft X-rays and vacuum ultraviolet 
(VUV) lights, which can selectively probe the bulk and surface states. The ARPES 
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data collected with soft X-rays are summarized in Fig. 3. We plot in Fig. 3d,e the FSs 
measured with hν = 355 and 300 eV, respectively. The experimental FS at the BZ 
center in Fig. 3d is consistent with the calculated hole-like FS at Γ in Fig. 3b, while 
the one at the BZ corner in Fig. 3e is consistent with the calculated electron-like FS at 
R in Fig. 3c. This indicates that the measured momenta in Fig. 3d,e, correspond to the 
kz = 0 and π planes, respectively. Figure 3f,g shows the experimental band dispersions 
measured with hν = 355 eV, which are well consistent with the calculated bands along 
Γ-M. 
The excellent consistency in experiment and calculation provides solid evidence 
for the presence of spin-1 and charge-2 nodes in the bulk of CoSi. Since these 
degenerate points have nonzero Chern number, it is expected that surface Fermi arcs 
emanate from their projections on certain surfaces. On the (111) surface, the spin-1 
point at Γ and charge-2 point at R are projected onto the same point at the surface BZ 
center, at which their Chern numbers cancel exactly. There are no topologically 
protected Fermi arcs on the (111) surface. By contrast, on the (001) surface, the Γ and 
R points are projected onto the surface BZ center Γ and corner M, respectively. It is 
thus expected that two Fermi arcs connect the Γ and M points on the (001) surface. 
In Fig. 3d,e, we already observed some extra features in the soft X-ray ARPES 
data, as compared with the calculated bulk FSs. These features may come from the 
(001) surface states. To confirm this, we have carried out APRES experiments on the 
(001) surface using VUV lights. The photoelectrons excited by VUV lights have a 
shorter escape depth as compared with those with soft X-ray. So the surface states 
could be detected more clearly in VUV ARPES experiments.  
The ARPES data collected with VUV lights on the (001) surface are 
summarized in Fig. 4. The FSs measured with VUV lights in Fig. 4a,b are distinct 
from the calculated bulk FSs. The most remarkable feature in the experimental FSs is 
the Fermi arcs that connect the bulk FS pockets at Γ and M. In Fig. 4g, we plot the 
Fermi arcs extracted from the ARPES intensity maps at three different constant 
energies in Fig. 4b-d. The two Fermi arcs are related by a π rotation about Γ, which is 
constrained by time-reversal symmetry as the lattice symmetries in the bulk are 
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broken on the (001) surface. The observed Fermi arcs are qualitatively consistent with 
the calculations10. 
To illuminate topological attributes of the Fermi arcs, we plot the band 
dispersions along three cuts #1, #2, and #3 in Fig. 4e, and compare them with the 
calculated bulk states projected onto the (001) surface in Fig. 4f. As the bulk bands #2 
and #3 contact only at Γ and R, they are gapped in the kx-kz planes with ky ≠ 0 and π/a, 
where the Chern number C can be defined. We found that C = +1 (-1) for the kx-kz 
planes with 0 < ky < π/a (0 > ky > -π/a). There should be one surface band that 
traverses the bulk band gap on the (001) projection line of each kx-kz plane with ky ≠ 0 
and π/a, as seen in Fig. 4e,f. The isoenergy contours of the surface bands are the 
Fermi arcs. Figure 4f shows that along the cuts #2 and #3, the surface bands bend 
back and then turn up on the way, crossing EF three times. When lowering the energy 
to -0.08 eV, the surface bands pass through the energy one time, resulting in the 
deformation of the Fermi arcs for different constant energies.  
Although the Fermi arcs obviously deform with varying the constant energy, it 
does not destroy the connection between Γ and M, confirming that the Fermi arcs in 
CoSi are noncontractible. This is essentially distinct from the Fermi arcs observed in 
Na3Bi (ref. 28) and WC (ref. 27). While pairs of Fermi arcs connect the surface 
projections of Dirac points in Na3Bi and triple points in WC at the energy of the bulk 
nodes, the Fermi arcs continuously deform into closed Fermi surfaces separated from 
the bulk states or even disappear with varying the constant energy29,30. The 
unprotected Fermi arcs indicate that the normal Dirac nodes and triply degenerate 
nodes have no chirality. By contrast, the noncontractible Fermi arcs observed in CoSi 
indicate that the three-component spin-1 node and charge-2 Dirac node are chiral with 
opposite Chern numbers C = ±2. Our ARPES experiments thus unambiguously prove 
the presence of chiral topological nodes beyond the Weyl nodes in condensed matter 
systems.  
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METHODS 
Sample synthesis. Single crystals of CoSi were grown by chemical vapor transport 
method. Co and Si powders in 1:1 molar ratio were put into a silica tube with the 
length of 200 mm and the inner diameter of 14 mm. Then, 200mg I2 was added into 
tube as a transport reagent. The tube was evacuated down to 10-2 Pa and sealed under 
vacuum. The tubes were placed in two-zone horizontal tube furnace and the source 
and growth zones were raised to 950 K and 800 K in 2 days, and then held there for 7 
days. The shiny crystals with lateral dimensions up to several millimeters can be 
obtained. 
Angle-resolved photoemission spectroscopy. ARPES measurements were 
performed at the ‘Dreamline’ beamline of the Shanghai Synchrotron Radiation 
Facility (SSRF) with a Scienta Omicron DA30L analyzer. To obtain atomically flat 
surfaces for ARPES measurements, we polished the (111) and (001) surfaces of single 
crystals, and then repeatedly sputtered the surfaces and annealed the samples until 
clear RHEED patterns appeared.  
Band structure calculations. First-principles calculations were performed by density 
functional theory (DFT) (ref. 31) within the Perdew-Burke-Ernzerhof (PBE) type 
exchange-correlation32, and implemented in the Vienna ab initio simulation package 
(VASP) (ref. 33). A 20×20×20 k-mesh was used in the BZ for the self-consistent 
calculations, and all the calculations were in the absence of SOC. The 
three-dimensional FS calculations were employed by the tight-binding model of the 
bulk CoSi, which was obtained from maximally localized Wannier functions34. The 
experimental values of the atomic sites and lattice constant a = 4.445 Å (ref. 35) were 
used in our calculations. 
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Figure 1 | Crystal stricture and calculated electronic structure of CoSi. a, Crystal 
structure of CoSi. b, Bulk BZ and (001) surface BZ of CoSi. c, Calculated FSs in the 
bulk BZ. d, Schematics of the Fermi arcs connecting the projections of two nodes 
with opposite chiral charges for CoSi (left) and Weyl semimetals (right). e, Calculated 
bulk band structure along high-symmetry lines without SOC. f, Schematics of the 
band structures of Weyl node, Dirac node, chiral spin-1 node, and charge-2 Dirac 
node. g, XRD patterns measured on the (001) plane of CoSi. The inset shows the 
RHEED pattern of CoSi after repeatedly sputtered and annealed. h, Same as g but 
measured on the (111) surface. 
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Figure 2 | FSs and band dispersions measured on the (111) surface of CoSi. a, 
Hexagon in the 3D BZ indicates the (111) plane that contains the R and X points. b,c, 
Calculated (b) and experimental (c) intensity plots at EF, showing the FSs in the (111) 
plane indicated in a. Solid lines represent the intersecting lines of the (111) plane and 
bulk BZ boundary. Dashed lines represent the (111) surface BZ. d, Curvature 
intensity plot of the ARPES data measured with varying hν from 325 to 580 eV, 
showing the band dispersions along R-Γ-R. The inner potential was set to be 27 eV to 
fit to the periodicity. e,f, Intensity and curvature intensity plots of the ARPES data 
along X-R-X, respectively. For comparison, we plot the calculated bands along R-Γ-R 
and X-R-X as red lines on top of the experimental data in d and f, respectively. The 
ARPES data in c, e, and f were collected with hν = 435 eV. 
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Figure 3 | FSs and band dispersions measured with soft X-rays on the (001) 
surface of CoSi. a, 3D bulk BZ with the kz = 0 and π/a planes indicated by colors. b,c, 
Calculated bulk FSs in the kz = 0 and π/a planes, respectively. d,e, ARPES intensity 
maps at EF measured with hν = 355 and 300 eV, respectively. f,g, Intensity and 
curvature intensity plots of the ARPES data along M-Γ-M collected with hν = 355 eV, 
respectively. For comparison, we plot the calculated bands along M-Γ-M as red lines 
on top of the experimental data in g. 
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Figure 4 | Surface Fermi arcs measured with VUV lights on the (001) surface of 
CoSi. a, ARPES intensity map at EF measured with hν = 75 eV. b-d, ARPES intensity 
maps at EF, EF-0.03 eV, EF-0.08 eV measured with hν = 110 eV, respectively. e, 
ARPES intensity plots showing the band dispersions along the cuts #1, #2, and #3, 
whose momentum locations are indicated in b. For comparison, we plot the 
projections of the calculated bulk bands as red lines on top of the experimental data in 
f. Solid and dashed green lines in f are guides to eyes for the surface state bands. g, 
Surface Fermi arcs extracted from the ARPES intensity maps at EF (left), EF-0.03 eV 
(middle), and EF-0.08 eV (right), showing the connection between the (001) surface 
projections of bulk FSs at Γ and M. The Chern number C = +1 for the cuts #1 and 
#2 and C = -1 for the cut #3. 
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